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ABSTRACT The purpose of the present study was to
investigate in vivo the activity-dependent plasticity of gluta-
matergic cortico-striatal synapses. Electrical stimuli were
applied in the facial motor cortex and intracellular recordings
were performed in the ipsilateral striatal projection field of
this cortical area. Recorded cells exhibited the typical intrin-
sic membrane properties of striatal output neurons and were
identified morphologically as medium spiny type I neurons.
Subthreshold cortical tetanization produced either short-
term posttetanic potentiation or short-term depression of
cortically-evoked excitatory postsynaptic potentials. When
coupled with a postsynaptic depolarization leading the mem-
brane potential to a suprathreshold level, the tetanus induced
long-term potentiation (LTP) of cortico-striatal synaptic
transmission. Induction of striatal LTP was prevented by
intracellular injection of a calcium chelator suggesting that
this synaptic plasticity involves an increase of postsynaptic
free calcium concentration. Contrasting with previous in vitro
studies our findings demonstrate that LTP constitutes the
normal form of use-dependent plasticity at cortico-striatal
synapses. Since excitation of striatal neurons produces a
disinhibition of premotor networks, LTP at excitatory striatal
inputs should favor the initiation of movements and therefore
could be critical for the functions of basal ganglia in motor
learning.

Long-lasting changes in synaptic efficacy constitute one of the
cellular models for information storage in the brain and
behavioral learning (1). Such forms of activity-dependent
plasticity classified as long-term potentiation (LTP) and long-
term depression (LTD), according to the sign of synaptic
modifications, have been found in several regions of the central
nervous system. Although the basal ganglia are assumed to be
involved in motor learning (2), little information have been
obtained about long-lasting synaptic plasticity in this system at
least in in vivo models.

The cortico-striatal pathway, which provides the main input
of the basal ganglia, involves monosynaptic glutamatergic
connections (3). In vivo (4) and in vitro (5, 6) studies have
shown that cortically-evoked excitatory postsynaptic potentials
(EPSPs) in striatal cells are mainly mediated through a-amino-
3-hydroxy-5-methyl-4-isoxazole propionateykainate receptors
and that an N-methyl-D-aspartate (NMDA) component be-
comes significant when synaptic potential reaches a level close
to firing threshold (6). In neostriatal slices including the
overlying part of the neocortex, it has been shown that high
frequency stimulations of the white matter typically induced
LTD of cortico-striatal EPSPs (7–10). The induction of LTD
in the striatum requires a strong postsynaptic depolarization

(11, 12) but is independent of the activation of the NMDA
receptor (8, 11). However, after removing the voltage-
dependent block of NMDA receptor channels in magnesium-
free medium, the tetanization of cortical fibers produced
either short-lasting potentiation (,50 min) (13) or LTP of
excitatory synaptic transmission (14). Consequently, it has
been recently hypothetized that striatal LTP could occur in
pathological conditions such as defective energy metabolism
leading to a dramatic calcium influx and subsequent neuro-
degeneration (9).

Since information about use-dependent cortico-striatal
plasticity has been obtained exclusively from in vitro prepara-
tions, we examined in an intact brain, the ability of cortico-
striatal synapses to exhibit long-term changes in their efficacy.
We have knowledge of the topographical organization of
cortical projections within the striatum (15); therefore, we
have been able to test in vivo the effects of cortical tetanization
on identified cortico-striatal connections.

MATERIALS AND METHODS

Animal Surgery. Experiments were conducted on 18 adult
male Sprague–Dawley rats weighing 230–300 g. Animals were
initially anesthetized with sodium pentobarbital (66 mgykg,
i.p., Sanofi, Libourne, France) and a cannula was placed in the
trachea before they were mounted in a stereotaxic apparatus.
Anesthesia was maintained throughout the experiments by
additional doses of sodium pentobarbital (6 mg i.p.), admin-
istrated hourly. In addition, wounds and pressure points were
repeatedly infiltrated with lidocaine (xylocaine 2%). Body
temperature was maintained between 36 and 37°C with an
homeothermic blanket. To obtain stable recordings, rats
were immobilized with gallamine triethiodide (Flaxedil, 40
mg i.m., Specia, Paris) and artificially ventilated.

Electrophysiological Procedures. Bipolar steel stimulating
electrodes (1-mm tip separation) were inserted in the facial
motor cortex (16) at a depth of 1.5 mm from the cortical
surface. Intracellular recordings (Fig. 1A), were performed
using 2 M K-acetate-filled microelectrodes (40–70 MV) in the
striatal region related to the stimulated cortical area, at the
following stereotaxic coordinates: 9.5 mm anterior to the
lambda, 3.5–4 mm lateral to the midline, and 3–5.6 mm ventral
to the dura (see ref. 15). In some experiments, the calcium
chelator 1,2-bis (2-aminophenoxy) ethane-N,N,N9,N9-
tetraacetic acid (BAPTA, 200 mM) was added to the micro-
electrode solution. All recordings were obtained using an
Axoclamp-2B amplifier (Axon Instruments, Foster City, CA)
operated in the bridge mode. Impalements of neurons were
considered acceptable when the membrane potential was at
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least 260 mV and the spike amplitude .50 mV. Recordings
that did not conform to these criteria were discarded. To
measure the input resistance of neurons, current pulses (120-
to 250-ms duration, applied at 0.5 Hz) were intracellularly
injected through the recording electrode. Test stimulations
(200-ms duration) in the facial motor cortex were applied at 0.4
Hz with an intensity below threshold for action potential
induction. Throughout the recording session, cortically evoked
EPSPs were averaged (n 5 10 successive sweeps) and then
measured from the baseline to the peak response. In condi-
tioning experiments, cortical tetanic stimulations consisted in
short trains (1- to 3-sec duration; applied 2–4 times at 10-sec
interval) at 100 Hz. This frequency was chosen since it is
usually used to study plasticity at cortico-striatal synapses (7,
8, 10, 11, 14). In all experiments, the intensity of the tetanic
stimulation was identical to that used to elicit test EPSPs.
Numerical values are given as mean 6 SD. Significant changes
in EPSP amplitude were initially assessed by the paired

Student’s t test. Because variances differed for some measures,
a nonparametric test (Mann–Whitney Rank Sum test) was
used to supplement the Student’s t test.

Morphological Methods. Labeling of recorded neurons was
achieved using microelectrodes (50–80 MV) filled with bio-
cytin (1.5%) dissolved in 2 M K-acetate. The dye was injected
iontophoretically using positive current pulses (200 ms, 1 nA).
After 5–10 min of injection, rats were deeply anesthetized with
sodium pentobarbital (200 mgykg, i.p.) and perfused intra-
cardially with freshly prepared fixative solution (4% parafor-
maldehydey0.1% glutaraldehyde in 0.1 M sodium phosphate
buffer, pH 7.4). Brains were stored overnight in 10% sucrose
solution and cut at 50 mm on a freezing microtome. After three
washes in 0.1 M sodium phosphate buffer (pH 7.4), slices were
incubated 12 hr in 1% avidin-biotin complex (ABC Kit Stan-
dard, Vector Laboratories) in the presence of 0.5% Triton
X-100. After three rinses in phosphate buffer, they were
reacted in diaminobenzidine (1%) and cobalt chloride (1%)y
nickel ammonium-sulfate (1%)yH2O2 (0.01%) solution.

RESULTS

Electrophysiological and Morphological Properties of Re-
corded Neurons. In a first set of experiments (n 5 10),
intracellular recordings of striatal neurons were performed
using K-acetate-filled microelectrodes. The recorded cells
were located at various levels within the lateral region of the
striatum receiving direct inputs from the facial motor cortex
(see Fig. 1A and Material and Methods). As classically reported
for neostriatal neurons (17), the cells displayed low resting
membrane potential (280.2 6 6.7 mV, from 271 to 290 mV)
and low levels of spontaneous spike discharges. Action poten-
tial amplitudes ranged from 58 to 74 mV (65.5 6 5.9 mV) and
their duration (measured from onset to return to baseline) was
1.3 6 0.16 ms. Electrical stimulations applied in the ipsilateral
facial motor cortex evoked short-latency (2.9 6 1 ms) EPSPs
lasting 20–130 ms (Fig. 1B). Increasing the intensity of the
stimulation resulted in a progressive enhancement of EPSPs
amplitude without change of the latency. The time-to-peak of
the cortically evoked EPSPs, measured from the onset of the
rising phase, averaged 13.2 6 2.8 ms. Altogether, these EPSP
properties are consistent with the monosynaptic transmission
evoked by stimulation of glutamatergic cortico-striatal affer-
ents (5, 6, 17–19). Although most neurons were silent at rest,
membrane potential exhibited spontaneous oscillations (Fig.
1C) of large amplitude (5–30 mV). The membrane current–
voltage (I–V) relation was determined by measuring the po-
tential deflections in response to injection of series of current
pulses (Fig. 1 D and E). Input resistance of the cells (32.4 6
9.7 MV) was assessed by the slope of the linear portion of the
I–V curve (from 20.2 to 20.8 nA). The intrinsic membrane
properties of neurons described here are similar to those
previously determined for striatal cells recorded in vivo (18,
20) or in vitro (11, 13, 17).

To obtain a morphological identification of recorded neu-
rons, in four experiments we combined intracellular recording
with injection of biocytin (see Material and Methods). In all
cases, neurons were located in the striatal projection field of
the facial motor cortex. Labeled cells displayed morphological
features of the majority class of striatal output neurons, i.e., the
type I medium spiny cells (21). Briefly, they exhibited spine-
free medium-size somata (diameter between 10 and 20 mm)
and their dendrites were densely covered with spines except on
the proximal part.

Effects of Subthreshold Cortical Tetanization Applied at
Resting Membrane Potential. Activity-dependent changes in
cortico-striatal synaptic efficacy were assessed by measuring
the changes in the amplitude of cortically-evoked EPSPs after
tetanization of the facial motor cortex. EPSPs were averaged
to reduce the effects of natural amplitude fluctuations. In

FIG. 1. Scheme of the experimental set-up and electrophysiological
properties of recorded neurons. (A) In vivo intracellular recordings
were obtained from striatal neurons (darck circle) located in the
caudate-putamen (CPu) region related to the ipsilateral facial motor
cortex. Electrical stimuli applied in this cortical area, through a bipolar
stimulating electrode, induce monosynaptic excitation of striatal cells
via glutamatergic connections (Glu) (see Material and Methods for
details). GP, cc, and cx indicate, respectively, the globus pallidus, the
corpus callosum, and the cerebral cortex. Data presented in B–E were
obtained from the same neuron. (B) Superimposed (n 5 3) EPSPs
elicited by single cortical stimuli delivered at the indicated frequency.
(C) Two periods of spontaneous activity showing the presence of
regular subthreshold oscillations of large amplitude. In this cell,
spontaneous action potentials were not observed at rest (resting
membrane potential 5 289 mV). (D and E) I–V relationships of
striatal neurons. The membrane potential changes (D, upper traces) in
response to injection of current pulses (D, lower traces) were measured
after averaging. Note the tonic firing triggered by a depolarizing pulse
of 1 0.6 nA. The corresponding I–V plot was then constructed (E). The
input resistance (Rm) was calculated by the slope of the linear portion
of the I–V curve obtained from a series of hyperpolarizing currents.
This neuron labeled with biocytin exhibited typical morphological
features of spiny type I neurons (not shown).
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controls (n 5 6 neurons), the test stimulation was adjusted to
produce subthreshold EPSPs averaging 16.8 6 2 mV (15–20.4
mV). Neurons had a mean input resistance of 36.8 6 8.8 MV
and their resting membrane potential ranged from 273 to 289
mV (281.2 6 5.5 mV). Trains of cortical stimulations (see
Material and Methods) evoked a sustained postsynaptic depo-
larization of 25 6 7 mV insufficient to trigger action potentials
in the recorded neuron. The membrane potential recovered to
its resting level 1–3 seconds after the cessation of the train. We
found that in response to this subthreshold tetanization the
synaptic transmission could exhibit different forms of short-
term plasticity. In two cells, a short-term posttetanic potenti-
ation lasting less than 2 min was observed. The mean EPSP was
increased by 24% (Fig. 2A) and 18%, respectively, by the end
of the tetanus. In one neuron, where the tetanus-induced
depolarization was particularly prominent (133 mV), the
EPSPs amplitude increased gradually to reach 132% of the
control value 9 min after trains and this potentiation persisted
until the loss of the intracellular recording (18 min after onset
of the tetanus). In contrast, a short-lasting (,4 min) depres-
sion was observed in two striatal neurons. In the experiment
presented in Fig. 2B, the EPSPs amplitude decreased by 76%
just after the cortical tetanic stimulations and then rapidly
returned to its control level. In the remaining neuron, the
tetanic stimulation was without effect on EPSP amplitude. In
all cases, the tetanus-induced synaptic changes were not asso-

ciated with modifications in the resting membrane potential or
postsynaptic input resistance.

Long-Term Potentiation at Cortico-Striatal Synapses: Role
of Membrane Depolarization. To test the effect of membrane
polarization on the cortico-striatal plasticity we performed
associative experiments where the cortical tetanization was
delivered in conjunction with a postsynaptic depolarization.
This pairing protocol was applied in 5 neurons having an
average input resistance of 25.9 6 7.9 MV and resting mem-
brane potentials ranging from 271 to 290 mV (279.4 6 7.9
mV). Prior to the cortical tetanic stimulation, intracellular
injection of positive dc current (0.5–1 nA) induced a depolar-
ization of 135 mV (6 23 mV) leading the membrane potential
to a suprathreshold level for action potential firing. Using this
paradigm, all neurons tested exhibited LTP of EPSP amplitude
(Fig. 3). In control condition, the mean EPSP amplitude was
21.3 6 6.2 mV and during the stable period of LTP this value
reached 24.5 6 6 mV corresponding to a mean increase of

FIG. 2. Effects of subthreshold cortical tetanic stimulation on
striatal neurons at resting membrane potential. (A) Example of
posttetanic potentiation. The graph shows the time course of the
amplitude of striatal EPSPs evoked by single test stimuli applied in the
facial motor cortex. ■, The cortical tetanization (train of 1 sec at 100
Hz repeated two times at 10-sec interval, resting membrane poten-
tial 5 273 mV). The same intensity was used for the test stimulus and
the tetanic stimulation. Note that after a short-term posttetanic
potentiation, the synaptic efficacy recovered its control level. Traces
represent the averaging of 10 successive EPSPs obtained at the
indicated times before and after tetanus. The dashed lines indicate the
amplitude of the control EPSPs. (B) Example of a short-term depres-
sion. Traces represent averaged evoked EPSPs (n 5 10) obtained at the
indicated periods. Parameters of tetanus: train of 2 sec at 100 Hz
repeated 4 times at 10-sec interval, resting membrane potential 5 285
mV.

FIG. 3. LTP is induced by cortical tetanic stimulation coupled with
postsynaptic depolarization. Results illustrated in A and B are from
two separated experiments. (A) Demonstration of striatal LTP. In this
experiment, the tetanus was delivered during membrane depolariza-
tion induced by an injection of dc current (10.8 nA) leading the
membrane potential from 272 to 237 mV (tetanus parameters: train
of 2.5 sec at 100 Hz repeated four times at 10-sec interval). (A1–2)
Superimposed EPSPs (n 5 3) recorded 1 min before (A1) and 24 min
after (A2) conditioning. (A3) Superimposition of averaged EPSPs (n 5
10) showing that the kinetic of synaptic responses was unchanged after
potentiation. (A4) The constancy of the mean voltage response to 20.4
nA indicates the input resistance stability of the cell. (B) Time course
of striatal LTP. The conditioning protocol consisted in a preliminary
depolarization induced by an injection of dc current (11 nA) followed
by tetanic stimulation (train of 1 sec at 100 Hz repeated four times at
10-sec interval). (Inset, Left) Superimposed averaged EPSPs for the
periods indicated in the plot below (a, control; b, from 1659 to 1689
after tetanus) showing that synaptic potentiation was still present more
than 1 hr after conditioning (P , 0.0005). (Inset, Right) The intrinsic
membrane excitability tested by depolarizing current (10.8 nA) was
not modified, as indicated by the superimposed traces obtained just
before tetanization and at the end of the recording session.
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16.1 6 8%. In each neuron, the change in EPSP amplitude
after conditioning was found to be statistically significant (P ,
0.005). The maximal increase of the synaptic strength observed
in our sample of tested cells was 44%, from 15.8 mV in control
condition to 22.8 mV 20 min after tetanus. In one case, the
potentiation led a subthreshold EPSP (30.5 mV) to a level
sufficient to elicit an action potential in .70% of stimulations.
As shown in Fig. 3 A1–A3), striatal LTP was not associated
with a change in EPSP kinetics. This observation suggests that
the observed potentiation is not due to a development of an
additional synaptic conductance. As in preceding experiments
(see above), the resting membrane potential and the postsyn-
aptic input resistance (Fig. 3A4) were not modified by the
pairing protocols. In all cases, the synaptic potentiation was
maintained throughout the posttetanic recording period (.30
min.). In the experiment shown in Fig. 3B, a significant
increase of the synaptic efficacy was observed .1 hr after the
conditioning. In three cells, LTP was preceded by a short-term
(0.5–2 min) posttetanic potentiation. Long-term synaptic de-
pression was never observed in this in vivo preparation.

Induction of Striatal LTP: Involvement of Postsynaptic
Calcium. Our data suggest that striatal LTP can be obtained
in vivo when the cortical tetanus is coupled with a postsynaptic
depolarization. This was confirmed by the experiment shown
in Fig. 4A, in which two successive conditioning protocols were
used: (i) a subthreshold tetanic stimulation was applied at
resting membrane potential; (ii) the same tetanus was com-
bined with a postsynaptic depolarization (see Fig. 4 legend for
details). Although the cortical tetanization applied at rest was
without effect on the synaptic strength, a pairing protocol
applied in the same neuron induced a sustained increase of the
EPSPs amplitude.

The requirement of membrane depolarization in striatal
LTP points out a possible involvement of a postsynaptic
calcium increase in its induction. To test this hypothesis, we
examined the effects of an intracellular injection of the calcium
chelator BAPTA on the LTP-induced conditioning. Eight
striatal neurons were recorded with BAPTA-filled microelec-
trode. These cells had a mean resting membrane potential of
278.6 6 6.4 mV and an input resistance of 32 6 10.7 MV.
These values are similar to those obtained with K-acetate-
filled microlectrode (see above). In agreement with previous
reports (12, 22), calcium chelator injections had no detectable
effect on these intrinsic membrane properties. Long-lasting
recordings (.60 min.) were obtained from four BAPTA-
loaded cells in which a pairing protocol was applied. This latter
consisted in a postsynaptic depolarization induced by intra-
cellular current injection (idc 5 11.4 6 0.8 nA) sufficient to
induce tonic firing, followed by the cortical tetanization.
Assuming a complete diffusion of the BAPTA into the re-
corded cells, we used as control responses the evoked EPSPs
obtained 15–20 min. after the cell was impaled. The mean
amplitude of EPSPs recorded 15 min after tetanus was of
94.8 6 6.8% of the control value. As shown in the Fig. 4B, the
conditioning could produce a short-term posttetanic potenti-
ation (113%, n 5 2) but failed in all cases to induce LTP.
These results strongly suggest that LTP in the striatum is
caused by a postsynaptic modification and that its induction
depends on the level of free calcium.

DISCUSSION

Up to now, knowledge about activity-dependent plasticity at
synapses between the cerebral cortex and the neostriatum
came exclusively from in vitro experiments. From these works,
it is assumed that LTD is the ‘‘normal’’ form of long-term
plasticity at these connections. However, striatal LTP induc-
tion can be obtained in vitro under particular pharmacological
manipulations such as magnesium-free medium (13, 14) or
pulsatile application of dopamine associated with high con-

centration of KCl (10). In fact, our experiments demonstrate
that, in vivo, the protocols reported to produce cortico-striatal
LTD in slice preparations, induce normally LTP but not LTD.
It is noteworthy that a similar discrepancy between in vitro and
in vivo preparations has recently been found in the CA1 region
of the hippocampus where low frequency (1–5 Hz) stimuli that
reliably produce LTD in slice preparations (23) are without
effect in anesthetized and awake rats (24).

The in vivo striatal LTP described is this report shares
common properties with the excitatory LTP described in other
brain regions (25). The stable potentiation we observed in the
longest experiments lasted .1 hr that is the usual temporal
feature to characterize LTP. Moreover, it is induced by

FIG. 4. Involvement of postsynaptic calcium in cortico-striatal
LTP. (A) Demonstration that LTP induction needs postsynaptic
depolarization. The graph shows the time course of the EPSPs
amplitude from a striatal neuron in which two different conditioning
protocols were applied. In the first, the cortical trains (100 Hz for 1 sec,
repeated three times at 10-sec interval) were applied at rest (resting
membrane potential 5 281 mV). In the second, the same tetanus was
delivered in conjunction with membrane depolarization (from 281
mV to 260 mV, idc 5 10.7 nA). Note the rapid and persistent synaptic
potentiation induced by the pairing protocol. (B) Induction of striatal
LTP is blocked by postsynaptic injection of a calcium chelator. In this
experiment where the striatal neuron was injected with BAPTA (200
mM) the tetanic stimulation (100 Hz for 1 sec, repeated three times
at 10-sec interval) was associated with membrane depolarization (from
285.7 to 260 mV; idc 5 1 2.5 nA). (B1) Superimposed averaged
EPSPs (n 5 10) recorded at the indicated time after tetanus. (B2) I–V
relationship obtained before (h) and after (å) tetanization showing
the input resistance constancy of the recorded striatal cell. Each data
point represents the mean value of at least eight successive traces. (B3)
After BAPTA injection the pairing protocol caused a short-term
posttetanic potentiation immediately followed by the recovery of
EPSPs amplitude to control values. (➝) The recording period used to
measure the input resistance of the neuron (see B2).
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delivering a classical 100-Hz tetanic stimulation to presynaptic
inputs and requires suprathreshold postsynaptic depolariza-
tion that is normally achieved by synchronization of a large
number of converging cortical inputs (26). This is indicative of
a basic property of cooperativity that is well established in the
hippocampal LTP (27) and suggests that striatal LTP induc-
tion needs a coincidental activity in the pre- and postsynaptic
elements as predicted by the Hebb’s rule for synaptic plasticity
(28).

The cellular mechanisms of the in vivo cortico-striatal LTP
remains unknown. However, the blockade of its induction after
injection of the calcium chelator BAPTA in the striatal
neurons demonstrates the implication of postsynaptic calcium
signaling in the induction process. It is unlikely that the
postsynaptic increase of calcium results solely from an activa-
tion of voltage-dependent calcium channels since in this case
the potentiation decays within 30–40 min. (29). Although a
mobilization of calcium from intracellular stores due to acti-
vation of striatal metabotropic glutamatergic receptors (30)
cannot be excluded, several observations lead to consider that
NMDA receptors may play a critical role in striatal LTP. We
found that the level of postsynaptic depolarization (244 6 18.8
mV) required to induce striatal LTP should reach the thresh-
old level for striatal neurons firing. Recently, it has been clearly
demonstrated by Kita (6) that during such depolarization of
the striatal cells, the voltage-dependent magnesium-block of
NMDA channels is removed and that an NMDA component
greatly contribute to cortically-evoked responses. In addition,
previous in vitro experiments performed in magnesium-free
medium have shown that tetanic stimulations of cortical fibers
produce a short-term (13) or long-term potentiation (14) of
synaptic potentials. Together these results lead to postulate
that unmasking of NMDA receptor channels can be achieved
in vivo by membrane depolarization and consequently could
produce, through an inflow of calcium, a classical NMDA-
dependent LTP (31).

The present demonstration that cortico-striatal LTP occurs
in intact brain provides a new cellular substrate of striatal
functions in motor learning. Striatal spiny output neurons are
known to integrate information from a large number of
cortical neurons (26). Because of their low resting membrane
potential and intrinsic membrane properties they require a
minimal degree of synchronization in their cortical inputs to be
depolarized to the firing threshold (26). In a behavioral
context, striatal neurons are assumed to perform a coinci-
dence-detection processing of cortical activities leading to
firing discharge and consequently to initiate behavioral output
in response to significant sensory events (2). Indeed, it is well
established that the striatal discharge produces a GABAergic
inhibition of tonically active neurons of the substantia nigra
pars reticulata, resulting in a disinhibition of premotor net-
works in thalamus and brainstem (32). Therefore, it is expected
that during learning of a sensory-motor task, LTP may occur
at synapses between cortical and striatal cells whose activity
became coordinated. In conclusion, we propose that cortico-
striatal LTP would favor the acquisition of stimulus-response
association through behavioral conditioning (33).
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